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total potential energy, V(tot), for each system, which were used to define the specific acceleration parameters in the AMD and Ad-AMD simulations. All AMD and Ad-AMD simulations were performed under exactly the same physical conditions as described above for the standard CMD simulations. All simulations were performed using an in-house modified version of the AMBER10 simulation suite.
Principal Component Analysis (PCA):
Atomic coordinates for the available P450cam X-ray crystal structures (PDB IDs: 5CP4, 1RE9, 1RF9, 3P6T and 3P6X) were used to perform a principal component analysis (PCA) . Iterated rounds of structural superposition were used to identify the most structurally invariant region, which was identified to consist of residues 295 to 405 [using the X-ray crystal structure PDB residue numbering]. The five X-ray crystal structures were then superposed using backbone (N,Cα,C') root-mean-square fitting to this structurally invariant 'core' and a PCA was performed using the coordinates of the backbone C-α atoms for residues (15-89, 95-103, 107-405) . The PCA was therefore performed on the whole P450cam construct excluding the flexible N-and C-terminal tails and residues 90-94 and 104-106, whose atomic coordinates were absent in some of the X-ray crystal structures and subsequently modeled (see above). The two lowest principal component eigenvectors {PC1, PC2} which accounted for 80% of the structural covariance were then used to generate the two-dimensional PC-projection plots (Figures 2 and 3 in the manuscript). The {PC1,PC2} projection plot allows us to compare the efficiency of 'essential' conformational space sampling obtained from the CMD, standard AMD and Ad-AMD simulations. The {PC1,PC2} conformational sub-space was also used as the framework for the adaptive AMD simulations (see manuscript).
Acceleration Parameters:

Standard AMD:
The acceleration level (ie. how much the potential energy surface is raised and flattened) in an AMD simulation is determined by the acceleration parameters E b and α. In the standard AMD protocol, these two acceleration parameters are constant. Generally speaking, more aggressive acceleration can be achieved by either increasing the magnitude of E b or decreasing the magnitude of the acceleration parameter, α. However, if the boost energy, E b , is too large and the acceleration parameter, α, is too small, the modified potential energy surface becomes iso-energetic, resulting in a random walk through phase-space, causing the system to spend a large proportion of time sampling energetically unfavorable conformational space (and can eventually result in unfolding). The 'optimal' acceleration parameters [those that efficiently enhance conformational space sampling without generating instabilities in the trajectory and a random walk] are extremely system-specific and depend on numerous factors including the size of the system and the nature of the underlying potential energy surface. Previous AMD studies on proto-typical systems (most notably a recent very detailed study on ubiquitin [J. Am. Chem. Soc. 2009, 131(46) , 16968-75]) have identified that for torsional acceleration, the optimal value of [E b (dih)-V(dih)] in kcal/mol (where V(dih) is the average torsional potential energy obtained from a standard CPMD simulation) is approximately equal to 3 to 5 times the number of (solute) residues in the system and the associated acceleration parameter, α(dih), should be set to one fifth of this value. For the background, total acceleration, [E b (tot)-V(tot)] and α(tot) should both be equal to 0.16 kcal/mol times the number of atoms in the simulation cell (NASC) [J. Chem. Phys. 2007, 127, article no. 155102] . Noticeably, in this 'dual boost' AMD protocol, the total background acceleration is much weaker than the torsional acceleration in order to prevent a break-down in the local structuring of the solvent water molecules around the solute. In light of this discussion, the AMD simulations presented in this manuscript were performed using the acceleration parameters:
Notice that the particular construct of substrate-free P450cam in this study has 404 residues, so [Eb(tot)-V(tot)] is approximately equal to 3.5*(No. solute residues). In a series of initial test AMD simulations, we found that using a more aggressive acceleration level resulted in unstable trajectories and partial unfolding for the 'open' states.
Adaptive AMD:
Similar to the standard AMD protocol, we would like to point out that the choice of acceleration parameters for the adaptive AMD method is also highly system-specific. It should also be recognized that the specific choice of these parameters will determine the balance between how efficiently one samples the conformational space and the integrity of the resulting trajectory, including the effective resolution of the qualitative free energy surface. For example, let us consider the base-boost potential, E b (0): If E b (0) is set to a low value (for example [E b (0) -V] ~ 0.0 kcal/mol, which is the equivalent of performing a standard CMD simulation), the extent of conformational space sampling between the adaptive steps in the Ad-AMD protocol will be small and a very long Ad-AMD trajectory would be required for exhaustive conformational space sampling. The integrity of the resulting trajectory and the effective resolution of the qualitative free energy surface would however be very good: The system will basically get stuck in every conformational sub-state and micro-state, which will then be represented in the qualitative free energy surface as the adaptive Gaussian bias potentials are applied in a historydependent fashion. On the other hand, if E b (0) is set to a very high value, the efficiency of the conformational space sampling between adaptive steps will be very fast and, particularly in those regions of the PES that are not highly structured, the system will rapidly evolve from one conformational sub-state to another, but the integrity of the resulting trajectory and the resolution of the effective qualitative free energy surface will be much reduced. A similar argument can be made for the height (a) and width (c) of the adaptive Gaussian bias-potentials: The application of strong, broad adaptive Gaussian bias-potentials during the Ad-AMD simulation will significantly enhance the efficiency of conformational space sampling, but the integrity of the resulting Ad-AMD trajectory and the resolution of the qualitative free energy surface will be significantly reduced. In the present substrate-free P450cam 'dual boost' Ad-AMD simulations, the following Ad-AMD parameters were employed:
Torsional Ad-AMD: Notice that for both torsional and total acceleration terms, the respective α values are held constant and are the same as those used for the standard AMD simulations (see above). However, in each case, the base-boost potential, E b (0) has been substantially lowered such that [E b (0)-V] is equal to half the value used in the standard AMD simulations, [E b -V]. In a series of initial Ad-AMD simulations, we found that a substantial increase in the conformational space sampling could be achieved if the strength of the adaptive Gaussian bias-potentials (a) was set to be between 1% and 5% of [E b (0)-V]. The width of the adaptive Gaussian potentials, (c), was defined such that the full width of the adaptive Gaussian biaspotential in the {PC1,PC2} projection space encompassed the entire PC-projection space sampled by the standard 5-ns CMD simulation of substrate-free P450cam. For the sake of simplicity, the magnitude of the adaptive Gaussian bias-potentials (ie. the height parameter (a) and width parameter (c)) were kept constant during the Ad-AMD simulations.
The relative efficiency of AMD and Ad-AMD:
As we discuss in the manuscript, the Ad-AMD method is particularly well suited to proteins with highly structured potential energy surfaces. This statement refers to the relative efficiency of the standard AMD and Ad-AMD approaches: If we look at the successful applications of the standard AMD approach, we find that the systems studied fall into two general categories. The first category consists of relatively small, usually globular, proteins such as GB3 or ubiquitin, with a single, welldefined native fold. The second group consists of highly flexible systems, such as poly-peptides or natively unstructured protein (NUP) constructs. If we consider the potential energy surface (PES) for these systems, we can understand why the standard AMD approach has proven to be so successful for these types of systems. In the case of small globular proteins, the PES has a well-defined single minimum. Following Frauenfelder's seminal work on protein dynamics, the system undergoes rare excursions away from the native fold, exploring high energy regions of the configurational space, possibly visiting some meta-stable states (conformational sub-states and micro-states associated with the native fold), before returning to the energy minimum. The application of the bias potential using the standard AMD approach enhances the frequency of these excursions, thereby affording efficient configurational space sampling. In the case of poly-peptides or NUPs, the PES looks more like an eggbox: These systems possess a large number of local energy minima separated by relatively small energy barriers. Once again, the application of the bias potential in the standard AMD protocol raises and flattens the underlying PES, lowering the magnitude of these small energy barriers and enhancing the exchange rate between the numerous local potential energy minima. Many biological systems (including P450cam) possess a very different type of PES. These are systems that can exist in several distinct conformational states. Each conformational state can be considered to be a low potential energy well on the PES and each possesses a hierarchy of associated sub-states and micro-states. This is exactly what we mean when we refer to a 'highly structured PES' and we depict this diagrammatically in schematic 1 in the manuscript. For these types of systems, the standard AMD approach is not particularly efficient: By raising and flattening the entire PES, the system, starting in a well-defined conformational state, starts to explore the associated sub-states and micro-states within the broad potential energy well that defines the conformational state. However, even on the modified (accelerated) potential, the energy statistics dictate that as the system moves away from the low energy conformational state (ie. as it starts to climb the rugged potential energy well), the probability of the system returning to the conformational state from which it came is always greater than the probability that it will exit the broad potential energy well and search out a different conformational state. As a result, one generally sees that the system oscillates back and forth within the potential energy well, but does not leave the conformational state. Simply increasing the acceleration level (ie. raising and flattening the modified PES even further) might increase the probability that the system will exit the conformational state, but this will also render large regions of the PES iso-energetic, resulting in a 'random walk' through configurational space, which is certainly not conducive to efficient conformational space sampling. In the Ad-AMD approach, we define a conformational sub-space using one or more collective coordinates, which allow us to differentiate one conformational state from another. Within the framework of this conformational sub-space, we can then selectively apply a history-dependent adaptive boost potential which specifically destabilizes the low potential energy wells (ie. the conformational states) on the PES without rendering large regions of the PES isoenergetic, allowing the system to efficiently exchange between different conformational states. One could perform Ad-AMD on any system, but we believe that the enhanced efficiency of the Ad-AMD approach compared to the standard AMD protocol will be most significant for those systems that possess a highly structured PES for the reasons that we have outlined above. Along the same lines, we would like to point out that, given a long enough trajectory, the standard AMD approach will sample the same conformational space as the Ad-AMD method.
